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Abstract

We report on a recent workshop dedicated to additive manufacturing (AM) of ceramics that was held at
the National Institute of Standards and Technology (NIST) in November 2019. This two-day all-invited
meeting brought together experts from industry, government agencies and academia to review the state
of the field and identify the most pressing applied materials research and metrology issues which, if
addressed, could accelerate the incorporation of AM methods into commercial ceramic manufacturing.
Besides the AM technologies, the discussions included consideration of the necessary post-processing
steps. We highlight some of the successes and challenges for the adoption of ceramics AM on an industrial
scale, as viewed by the workshop participants. We also propose actions for the ceramic community to

facilitate the wider commercialization of these fabrication methods.
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1. Introduction

After several decades of development, global markets ! for additive manufacturing (AM) of polymers and
metals have each attained an annual multibillion-dollar level, with these technologies showing every
indication of becoming mainstream. By comparison, the market for ceramics AM is an order of magnitude
smaller, although most economic models predict a ten-fold growth over the next decade.! The positive
perspective is reflected in the steep increase in the numbers of research publications and patent
applications, and by representation at trade exhibitions. The increasing availability of low-cost table-top
printers suitable for ceramics and of dedicated companies providing services in ceramics AM offer greater
accessibility of these technologies. Multiple cases of integrating ceramics AM into products already exist,
as can be exemplified by the robocasting? of lattice filters for metal-casting applications, catalyst supports,
various on-demand ceramic components, dental implants, and casting cores and molds. Nevertheless,
despite many demonstrations, there are few “industrialization stories.” In many ways, ceramics AM
efforts are fragmented, and realistic, far-reaching applications with the potential to drive AM technologies
into the mainstream of ceramic manufacturing remain to be determined. Several review articles

discussing various aspects of ceramics AM have been published previously. 3

In November 2019, NIST hosted a workshop “Materials Research and Measurement Needs for Ceramics
Additive Manufacturing” to identify the most promising broad-impact applications of ceramics AM and
the associated materials measurement needs. Here, we summarize the main points and
recommendations discussed at this meeting. The goal of our paper is not to provide another review of
materials research in ceramics AM, but rather to highlight the materials measurement needs, including
research, that must be addressed to overcome barriers for the incorporation of these technologies in
commercial applications. Actions identified as critically needed for the industrialization of ceramics AM
encompass the development of the fundamental understanding and predictive models of the material

transformations during the entire build process — from feedstock through the green body to the final post-
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processed part, and metrological developments, including databases and benchmark structures & tests
that are required to standardize and certify AM-built parts. Such an undertaking will require the
involvement and close cooperation of both the basic-science and engineering parts of the ceramic
community, as well as suitably focused proposal calls from the scientific funding agencies, all of which this

report hopes to stimulate.

2. Objectives and description of the workshop

The workshop reviewed the opportunities and challenges for ceramics AM in key market sectors with
discussions focused on formulating the materials research directions to bridge the knowledge gaps that
presently hinder the broader deployment of ceramics AM technologies. The program also included
discussions of the lessons learned from work in metals AM and in polymers AM, as well as the prospects
for AM of hybrid ceramic/metal and ceramic/polymer materials or gradient-microstructure ceramics. One
emphasis lay in seeking potential cross-cutting research efforts to address ceramics AM measurement
needs across a range of application areas. The workshop was attended by = 60 participants from both the
USA and elsewhere, representing early industrial adopters of ceramics AM, AM-equipment
manufacturers, government agencies, and academia. Details of the technical program are provided in the

Supporting Information.

The participants were asked to address the following three questions:

(1) What is the state-of-art, and what are the most promising and practical opportunities for growth
in ceramics AM technologies (feedstock, processing, post-processing)?

(2) What is the critical research (both fundamental and applied) that still needs to be undertaken,
including measurement and modeling needs, and standards?

(3) How can the collective expertise and facilities of different institutions be leveraged to realize

answers to these questions?



The presentations provided insightful illustrations of many aspects associated with realizing ceramics AM
commercial application. Here, we present highlights of the presentations and discussions that most

directly addressed the questions above.

3. Overview of the field

The primary AM technologies considered for ceramics include material extrusion, material jetting, binder
jetting, sheet lamination, vat photopolymerization, powder bed fusion, and direct energy deposition —the
same techniques that apply to metals and polymers.8 Table 1 summarizes the selected characteristics of
these methods and their current penetration of ceramic markets. All the processes, but the last two,
produce green, porous parts that remain to be densified. Thus far, only such green-part-printing
technologies have found commercial use. The choice of the most appropriate method depends on the

application, and for now, no overall winner can be named.

Cost reduction is vital for driving broader adoption of ceramics AM. Significant expenditures include
capital costs associated with both the AM machines (low throughput) and the equipment for quality
inspection, such as time-consuming X-ray computer tomography (XCT), plus the cost of labor involved in
frequently tedious post-processing of AM-built parts. Indeed, the need to develop and optimize
appropriate post-processing steps has emerged as one of the more critical challenges that needs to be

overcome if ceramics AM is to be more widely adopted.

AM technologies are most easily introduced for rapid prototyping and demonstrations, as well as for the
manufacturing of auxiliary parts to support manufacturing operations. Near-net shaping is a crucial factor
for the commercial viability of ceramic components because their machining is both expensive and time-
consuming. Therefore, on-demand services in ceramics AM attract customers who are testing new
designs and do not want yet to invest in tooling for conventional processing, and those for whom the

complexity of designs and the work required to manufacture new parts using traditional methods would



involve long lead times. AM offers “tool-free” fabrication, automated operation, and parallel production
of multiple small parts. Design flaws can be discovered early, without much investment that would be
required with other methods. Advanced Computer Numerical Control (CNC) methods of machining can
compete with ceramics AM in cost- and time-effective on-demand near-net shaping, but not for complex

parts like heat exchangers.®

More challenging approaches to the adoption of AM involve using these technologies to upgrade existing
parts (i.e., manufacture replacements) or, ultimately, design new products. The latter path offers the
most significant performance rewards but also is the most difficult to implement; in this case, the
demonstration of substantial design benefits is a requirement. One significant issue is in identifying
products where ceramics could provide a superior and cost-effective alternative to metals and polymers,
even before the additional advantages and disadvantages of AM are considered. However, in some cases,
the adoption of AM methods could facilitate the use of ceramic components by eliminating the time-
consuming and expensive machining and grinding steps required for conventional ceramics. A key feature
of the development of ceramic components is that design of products and fabrication of ceramics are
frequently performed by separate entities, which can even belong to different organizations. Therefore,
one side has to reach out to the other, a step not generally required for metals or polymers. Below we
summarize examples of current and envisioned applications of ceramics AM in key industrial sectors and
conclude with our discussion of research and measurement needs, including those pertaining to post-

processing that must be addressed for commercialization of these technologies.

4. Application-specific challenges

Aerospace

One of the prime interests in this field is to use AM for fabricating ceramic matrix composites (CMCs),

which offer significant performance advantages over superalloys, but with much lower density.’® For



space applications, the focus is on SiC-based CMCs for use in engine components (combustion liners,

shrouds/vanes in mixer nozzles).!*

Conventional manufacturing approaches are all based on the
infiltration of a preform: chemical vapor infiltration (CVI), polymer infiltration pyrolysis, melt infiltration,
and hybrid methods that combine these processes.®? Such methods are generally slow and involve
multiple steps plus extensive post-processing. AM would be simpler and enable custom and complex
geometries, including sharp transitions of section dimensions, as well as the fabrication of hybrid and
multifunctional composites. Additionally, the AM route can require fewer steps with shorter production

times, thereby cutting the cost. The challenges are in the integration of fiber reinforcements, achieving

fully dense matrices, and in the optimization of processing and properties.®

The methods evaluated for the SiC-based CMCs are laminated object manufacturing (LOM),** binder

1415 and direct ink writing (DIW).1®* LOM is viable for producing continuous-fiber reinforced

jetting,
composites after modifications of the commercial machines. The development of CMC prepregs
(reinforcement materials pre-impregnated with either a thermoplastic or thermoset resin) is a critical
step, which includes the optimization of laser cutting parameters. Silicon infiltration of LOM-produced
prepregs yields a dense matrix but damages uncoated fibers; therefore, fiber coating is necessary to
prevent their reaction with silicon and for creating weak fiber/matrix interfaces to improve fracture

3

toughness.’* Binder jetting allows for using tailored binders and chopped fiber reinforcements. Silicon-

melt infiltration can provide full densification even for high SiC-fiber loadings (up to 65 % by volume).'®

Mechanical properties of the AM-built SiC CMC coupons still trail those resulting from conventional
processing. Nevertheless, AM of actual turbine-engine parts has been demonstrated (e.g., first stage
nozzle and high-pressure turbine nozzle segments).’> Laminated object manufacturing (LOM) offers
continuous-fiber reinforced CMCs while the binder jetting method enables short-fiber reinforced SiC-

based ceramics. See Figure 1. DIW of CMCs also exhibits some promise. A significant need exists for



modeling efforts to assist in the design of materials and in processing optimization, as is the case for

metals AM.

The military aircraft industry is exploring AM to improve capability, readiness, and affordability. Already
ceramics AM supports casting of metal alloys to produce cores & molds, enabling significant savings of
time and cost. Such tools are consumed in the casting process. In this connection, ceramics AM is used
to mold legacy parts and make new airfoils with improved cooling-channel designs that cannot be
manufactured otherwise. This application area is of sufficient importance that we cover it separately in a

later section on investment castings.

Ceramics AM is also seen as a disruptive technology for use in extreme environments. It could satisfy
unmet demands for high-temperature materials, e.g., ultra-high temperature ceramics (UHTCs), and
complex geometries. However, affordable and scalable AM routes to tough and damage tolerant ceramics
are lacking. As indicated above, the requirement is to obtain fiber-reinforced composites or materials
with multiscale (nano to macro) internal architectures and novel compositions, structures, and properties.
One attractive area for the early adoption of ceramics AM is in low-cost engines for small drones, which
can benefit from any increased performance. In these applications, higher risks of component failures
have relatively insignificant implications and can be treated as a testbed for prototyping and accelerated

design iterations.

Several types of AM technology are being explored for military aircraft applications, including
stereolithography (SLA), digital light processing (DLP), DIW, aerosol jet printing (AJP), and powder bed
fusion. Significant research is focused on approaches that utilize preceramic polymer precursors (PCP).Y’
Examples include monomer resins, which under UV light undergo direct conversion to ceramics via
pyrolysis without a separate debinding step, yielding high final densities even for compositions that are

otherwise difficult to sinter (SiC, SisN4).2® With this approach, CMCs can be readily produced by



incorporating the reinforcement particles or whiskers as suspensions in the resin, which are then
pyrolyzed into a fully dense composite. See Figure 2. PCPs provide an extended shelf-life, permit control
of molecular weight and rheology during processing, can achieve the rapid curability appropriate for
ceramics AM (especially using AJP or DIW), and, being modular, enable tailoring of the chemistry.'® PCPs
with different metal cross-linkers are under development to provide compositional flexibility (e.g.,
polymers based on siloxane or carbosilane and ZnCl,, TiCls or YCls metal components).’® The cross-linked
preceramic precursors are viscoelastic, yielding AM-built materials that are more densely cross-linked,
can be shaped, and retain their shapes without support structures. These properties permit DIW
processing, especially UV-assisted DIW of ceramic fiber composites. Despite the advantages offered by
the preceramic-resin technologies, several challenges remain to be addressed. The final product strength,
being controlled by the presence and nature of defects, still exhibits significant variability. In general, for
structural applications, reduced variability is preferable to higher mean strength. Additional research is
required to extend the strength and toughness of resin-derived AM products to higher temperatures, e.g.,
1200 °C to 1300 °C for these materials to surpass alumina. Also, more work is needed to tailor resin
chemistry to prevent shrinkage. Low oxygen resins show promise in this regard. Another direction for
optimizing the properties of AM CMCs is the development of methods for aligning filler particles that have
anisotropic shapes with large aspect ratios (i.e., chopped fibers, whiskers, platelets). For example, an

external magnetic field has been used successfully to align such particulates in polymer matrices.?®

Selective laser melting (SLM) appears attractive for depositing UHTC coatings onto complex shapes. In
such parts, careful control of differential cooling is essential because it results in different grain sizes
throughout the AM-built material.?! Interesting examples to date include UHTC ZrC/W composite nozzles
manufactured by reactive molding injection (MI).22 Moving towards interface coatings (e.g., metal alloys
to ceramic thermal-barrier coatings) will be an important development for the future, especially for

engine and turbine applications.



Biomedical

Ceramics are attractive for medical engineering because they are bioinert, non-allergenic, exhibit low
thermal and no electrical conductivity, produce no artifacts for XCT (in the medical context) or Magnetic
Resonance Imaging (MRI), are easy to sterilize, and possess high mechanical strength and wear resistance.
AM could enable patient-specific solutions, including resorbable and permanent implants, dental
implants, crowns, and bridges, medical device components, and surgical tools. The bone itself can be
considered an advanced ceramic-based composite which, in principle, can be generated via AM.
Demonstrations suggest that such AM-printed artificial bones are highly osteoregenerative and even

capable of serving as carriers for liquid biologics.?

The current focus in biomedical applications is on new structures, not new materials. AM is envisioned
to reduce the complexity of surgeries, improve biological response to implants, and lower cost relative to
conventionally manufactured titanium and polyetheretherketone (PEEK) because there is less machining.
A challenge for the health industry is to validate ceramic parts produced by AM. Indeed, for any bio-
material to be clinically acceptable, see Figure 3, several profile requirements must be met:
cytocompatibility, biocompatibility, functionality, surgical friendliness, manufacturability, cost-

effectiveness, and regulatory acceptance.?*

Principal barriers for wider use of additive technologies in bio-ceramics include a requirement for
clinicians to be engaged at all stages of the fabrication; the relatively slow turnaround (at present, next-
day implants are impossible); the need for standards and protocols to qualify and validate AM-built parts;
and the requirement for every part to be inspected. A significant effort is needed in the development and
adaptation of standards, which should build on cooperation with the International Standards Organization

(1SO) and the Federal Drug Administration (FDA), and in manufacturing validation in general. For example,



even a universal definition of bio-inks for use in DIW is missing (e.g., do bio-inks necessarily incorporate

cells?).

For parts inspection, questions exist about the use and interpretation of XCT which has become a standard
tool in AM. Among specific issues are types of defects that can be revealed in ceramics,
approaches/protocols for using XCT to compare parts produced by AM vis-a-vis other forming
technologies, and criteria for validating such characteristics as critical flaw size and shape. For effective
validation, AM developers and users need to have metrological guidance and standards, as well as better
integration of ceramics, AM, and medical-device designs, including active engagement of clinicians in the

development and validation of AM-built ceramic products.

Ceramic Armor

Finding disruptive materials to improve armor efficiency becomes increasingly challenging, especially for
protecting the individual soldier, see Figure 4. Therefore, new processing technologies are sought.
Natural biological composites, which commonly incorporate simple base materials in complex hierarchical
structures, exhibit mechanical properties superior to those of individual components.?>?® Ceramics AM
offers potential for implementing bioinspired multiscale designs to generate armor materials with an
optimal combination of properties (density, microstructure, mechanical strength, and fracture
toughness). However, the ability to realize this potential remains to be demonstrated, for which more

research, together with the development of more extensive modeling capabilities will be required.

Binder jetting, DIW, and SLA have all been considered for AM of armor composites. As in many other
potential ceramics AM applications, none of these methods are optimal. Binder jetting is easy to
implement and scalable but provides relatively low fill densities (30 % to 35 % by volume), rough surfaces,
and is limited in terms of its resolution and ability to co-process several materials.?’” DIW works for a wide

choice of materials, allows for suspensions with high solid loadings, offers a multi-material capability, and

10



is readily scalable. However, it requires careful control of suspension rheology, has limited resolution,
and printed parts suffer from shrinkage and warping defects.?® SLA enables high resolution and surface
fidelity, but materials of interest exhibit refractive indexes too high in the UV-A range; additionally, this

method has limitations on the solid loadings and the abilities to co-process distinct materials.?*

Successes have been achieved using a customized DIW printer with an in-line mixing capability.3® This
printer features a feed system that provides precise control over the material input ratio into the printing
head; the latter also incorporates an in-line helical auger tool to convey and mix independent suspensions.
Thus far, a 0.8 mm nozzle has been used. A significant emphasis is on the development of printable
ceramic inks. The goal is to obtain pseudoplastic suspensions by matching their yield stress and flow
curves to get predictable conveyance and mixing properties; additionally, there is a desire to have
rheological characteristics that are independent of powder type.3® Issues exist with printing sharp corners,
and work is in progress to optimize the process strategy. Another challenge is to achieve a tailorable

texture within the printed layer using shear alignment.

Some of the challenges encountered with multi-component DIW include the lack of metrology for
quantifying the mixing efficiency and the need to determine the optimal auger design to achieve adequate
mixing of specific inks. Despite DIW-printed alumina parts featuring density, hardness, and microstructure
on par with those of standard ceramic armor materials, like Cerashield CAP 3 (CoorsTek Inc., Golden, CO)"
99.5 % Al,0s, their projectile depth of penetration remains unsatisfactorily high.3* This problem in
performance under dynamic strain conditions has been attributed to high densities of defects which
originate from the printing process, such as slurry bubbles trapped both within and between the layers.
Given that high strain-rate events activate the entire defect population, minimizing defect concentrations

and size distributions is imperative. Better control of feedstock (particle size distributions, agglomeration

* Any mention of commercial products is for information only; it does not imply recommendation or endorsement
by NIST.
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in slurries) is one direction for achieving this goal. A metrology gap cited in this context is the lack of a
direct method for measuring agglomeration at the solid loadings of interest. Other sources of defects
include shrinkage, warping, and print-derived defects. A challenge is to develop an approach for balancing
high yield stress, printability, and shape retention of feedstock suspensions with the reduction of print-

induced defects. On the metrology side, there is a need for the metrics to describe warping and shrinkage.

Energy

In this area, opportunities exist for both structural (heat exchangers, engine membranes, turbines) and
functional (batteries, fuel cells, catalysts) ceramics. The interest falls into several categories summarized
in Table 2. A number of these applications are discussed in more detail in other sections. For example,
AM requirements for CMCs, including the use of CVI in packed preforms, overlap closely with those faced
in the aerospace sector. For structural components, ceramics can be introduced into metal-alloy parts
directly during AM builds, as has been accomplished using in situ laser nitridation of Ti-based alloys to
generate wear- and corrosion-resistant TiN coatings.>?> Successful demonstrations of such hybrid
processes for functional energy applications can be exemplified by the stop-n-go approach, wherein the
direct-energy-deposition build of a metal part designed to operate in extreme environments is interrupted
to embed ceramic sensors (e.g., made from Pb(Zr,Ti)03).3* (Some more information on ceramics AM for
sensors is provided in the next section.) Also overlapping with the aerospace sector is the significant
application of ceramics AM in molds, scaffolds and castings in connection with turbine engine design.
Indeed, land-based gas turbines play a major role in modern energy (electricity) supply, and the ceramics
AM issues associated with the turbine components are similar to those discussed for the aerospace field.
See Figure 5. Ceramics AM is discussed more specifically with regard to investment castings below, as

applicable to land-based gas turbines as it is to aerospace jet engines.
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For energy-storage applications, AM has been used to fabricate ultralight-weight lattices and hierarchical
structures of materials with large surface areas, like graphene aerogels, that display properties attractive

34,35

for supercapacitor electrodes. Methods considered for printing such lattice structures include

projection microstereolithography (a photochemical and optical technique),®®%” DIW (utilizing unique fluid

),%839 and electrophoretic deposition (transport of nanoparticles enabled by an

flow and gelling properties
electric field).*° As indicated in Table 2, various Li-ion and solid-state battery materials, and also complete
solid oxide fuel cells (SOFCs) have been successfully fabricated using ceramics AM methods. While

promising, it is not yet clear when AM-processing for such devices will become commercially competitive

with respect to more conventional manufacturing processes.

Electronics

For application in electronics, the interest is in using AM to fabricate multi-material architectures for
radiofrequency (RF) components (e.g., antennas), metamaterials, ceramic microelectronic packaging,
sensors, etc.*! See Figure 6. Ceramic-particle jetting, as implemented by XJet (Rehovot, Israel), is capable
of printing zirconia with dielectric properties (after sintering) suitable for electromagnetic applications.*
The power of AM is in its ability to produce zirconia parts with textured anti-reflective surfaces (e.g., moth-
eye-like), which makes these structures attractive for use in high-temperature missile and rocket radomes
that are required to protect expensive antennas and electronics from both natural and operational
conditions.**** Other applications of this technology include ceramic substrates for transmission lines and
antennas, coded apertures for X-ray imaging, passive beam-forming lenses using spatially graded
properties, and photonic crystals. Photonic crystals can be produced by printing metamaterial structures
with periodic dielectric constant variation.*> Primary usages include low-dielectric-loss dielectric-
resonance cavities, waveguides, and sensors. The commercial systems for particle jetting can print parts
on an industrial scale. While, at present, the choice of ceramic materials is limited to zirconia, alumina

(which would be easier to work with for radomes) and stainless steel are expected to become available
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soon. Indeed, the ability to accommodate a broader range of feedstock materials would provide particle-
jetting technology with much greater flexibility. The removal of the support materials after the initial

build remains a challenge and needs to be addressed.

Ceramics offer advantages over polymers for AM-fabricated RF components, including a wider range of
dielectric constants, lower losses, less damage from binder burnout during metallization, and enhanced
functionality.*® Unlike polymers, which are commonly deposited using extrusion-based printers, ceramics
are printed from slurries. This means that sagging of printed parts can be an issue, leading to poor
dimensional control; additionally, post-build sintering is required to densify the part. In this context,
ultralow temperature (ULT) ceramics provide several advantages: low sintering temperature, high density,
compatibility with metal inks, very low dielectric loss even at microwave frequencies, and temperature-
stable resonance frequencies. However, slurry and nozzle geometry remain challenges, and nanoscale
feedstock powders are still required. For proof of concept, various blends of Bi,03; — MoOs have been
investigated.***® These materials have been studied extensively for their application in low-temperature-
cofired-ceramic (LTCC) technologies, where a low ceramic sintering temperature (= 900 °C) permits co-
firing with highly conductive metals such as silver or gold to form a multilayer composite component
having the desired RF and microwave performance characteristics. A slurry-based 3D printing process
using selective laser burnout (SLB) of Bi;M0,0s could achieve satisfactory microstructures, high dielectric
constants, and low losses. Using this method, a 3D-printed structure of Bi.Mo0,09 with floating Ag

electrodes has been successfully fabricated.*

Another potential application of ceramics AM is in microelectronic packaging, where current scale
limitations are limiting the miniaturization of 3D designs, causing technological bottlenecks. One needs
to be able to machine features smaller than 10 um. Micro digital light processing (LDLP) methods show

potential for achieving the product resolution needed to address this issue, and are becoming
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commercially available.?® Uniform arrays of interconnects with < 10 um diameter and smooth surfaces
have been fabricated using uDLP. Moreover, 3D printing of sub-um ceramic features using two-photon
lithography with UV curable pre-ceramic resin has been demonstrated.>® Printing speeds remain too slow,

but a record 7 GPa loading strength has been achieved.*®

Ceramic tooling for investment casting

Direct printing of ceramic molds for investment casting is already a game-changer for industry because it
reduces cost and lead time by 70 %, enabling efficient fabrication of parts in small quantities.>® This area
represents the most significant commercial success of ceramics AM to date. See Figure 7. Typical casting
tools include cores, molds, and filters. The traditional investment casting process, including the creation

of a ceramic mold, involves at least ten steps. These can be reduced to four if AM-build tools are used.

A primary driver for rapid precision casting is the need to maintain a diverse and aging aircraft fleet. Spare
parts are required usually in small volumes and, therefore, the non-recurring engineering and tooling costs
associated with investment castings are significant. Metal AM, which could address this problem, is not
ready yet. Ceramics AM of the casting toolsets using, e.g., vat photopolymerization, provides a viable

solution.”?

Several issues, however, need to be resolved. Binder burnout creates internal pressure that
can compromise structural integrity, causing microcracks. The availability of tools for modeling polymer
oxidation to predict internal forces would help with mitigating these issues. Likewise, modeling
capabilities are needed to predict shrinkage and distortions of ceramic parts during post-build sintering.

The anisotropy of printed parts requires dedicated studies to identify primary variables that lead to

anisotropic properties of AM products.

Emerging sintering techniques for post-processing
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The workshop clarified that virtually all ceramic AM-built parts require at least some post-processing, and
optimization of the post-processing step is as critical as that of the respective AM process itself. Heat
treatments to relieve stress may also be important because residual stresses readily result in cracking
and/or warping of the product, or in the appearance of other defects. Post-processing commonly involves
clean-up, de-binding of any support materials, and product densification. Clean-up of printed parts and/or
machines can be both costly and time-consuming (depending on the AM process and type of the product)
but normally does not introduce defects. The de-binding step, however, which is required for many but
not all ceramics AM processes, can be a primary source of defects and associated failures. Sintering of a
green-body AM build presents perhaps the most ubiquitous challenge for delivering the desired shape
and (full) density without introducing defects and part failures. The recently developed energy-efficient
flash- and cold-sintering technologies provide candidate solutions to this problem. In both cases, the aim
is to produce densification under conditions less extreme than required for conventional ceramic sintering

processes.

In flash sintering, densification occurs as green part is subjected to a direct electric field applied via
customized electrodes at a specific temperature.>3°® At some combination of field and temperature, a
sudden increase in the electrical (ionic) conductivity takes place in the ceramic. See Figure 8. This 'flash
event' leads to the rapid densification with a reduction in both the required sintering temperature and in
the sintering time, hence also decreasing energy consumption and cost. Flash sintering affords an ability
to tune certain material properties, and sometimes, the ability to densify an AM product without common
sintering issues. However, for this method to work, the AM product must be capable of densifying at
modest temperatures, and not degrade under the strong thermal gradients that can be involved.
Potential examples are low-temperature coatings, some multilayered materials (including CMCs), graded
structures, and geopolymers. Flash sintering can be contactless which eliminates high mechanical or

thermal stress at the contact point that could create defects or crack failures, but sometimes generates
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high dislocation densities. Clearly, there are significant challenges and opportunities here for future
materials research in academia and elsewhere to elucidate how flash sintering phenomena can be

integrated into ceramics AM processes to optimize densification.

Developed largely in academia, cold sintering is realized by adding a small quantity of water (or other
solvent) to ceramic powder, so that densification occurs through the partial dissolution of solid particles
in transient aqueous phase, followed by re-precipitation.’’®® See Figure 9. The process requires some
pressure (typically less than 200 MPa) and heating, typically to less than 300 °C — much lower than used
in conventional sintering. The possibility of incorporating this technology into ceramics AM of suitable
feedstock materials (initially, oxides, but other ceramics now possible) is being researched. Cold sintering
enables co-processing of ceramics with metals and polymers, which makes it attractive for parts that
incorporate several types of materials, especially when a layered configuration is appropriate. A major
challenge will be to interface the uniaxial compression geometry of cold sintering with the more complex
geometries found generally in ceramics AM applications; however, the technique can be more readily
applicable to composites, including those combining ceramics with polymers or metals, where AM is used

to realize complex controlled architectures.

Most recently, after this workshop, a new densification technique called ultrafast high-temperature
sintering (UHS) has been reported.?® In this method, a part to be sintered is sandwiched between two
carbon tapes through which electric current is passed, providing rapid (seconds) heating up to
temperatures as high as 3000 °C. The process is performed in an inert atmosphere. UHS has been
demonstrated to achieve densities greater than 95 % while yielding uniform compositions and favorable
microstructures for a broad range of ceramics that can be difficult to densify with the same results using
conventional approaches. Importantly, it is readily applicable to complex-shape AM-built parts with

several examples of UHS-sintered 3D-printed samples provided already in the original publication. The
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mechanisms that operate during UHS remain currently uncertain but undoubtfully will be a subject of

research in the immediate future.

Research & Measurement Needs

To date, few clear indications have emerged as to which methods will dominate ceramics AM in the long
term. Some of the needs specific for individual technologies and applications are described in the
preceding sections. Here, we concentrate on the universal measurement and materials research
challenges that apply to the entire field. Comprehensive standardized characterization of feedstock
materials is one high priority issue. Particle morphologies, chemical purity, and rheology of suspensions
are examples of characteristics that determine the quality of AM-build ceramic parts but often remain
uncertain. At the same time, clearly defined specifications for feedstocks are unavailable which
compounds the problem. Likewise, the applicability of existing standards for the characterization of dry
powders and particle suspensions to the ceramic AM feedstock has not been verified yet. Many details
of commercial raw materials remain proprietary which creates a strong need for an openly accessible
database of feedstock characteristics (including metadata). Recycling poses another issue and metrology
is required to determine the reusability of feedstock material. In principle, ceramics AM, in common with
all additive manufacturing, offers strong opportunities for the development of a sustainable circular
economy. In this connection, advantage should be taken of the current rapid development of rheology-
based materials research of slurries and fluid mixes. This would greatly benefit all the ceramics AM
methods where fluid inks or composite suspensions are involved (DIW, vat polymerization, etc.). Real-
time rheological studies of concentrated colloidal suspensions while subjected to oscillatory shear,
coupled with in situ characterization of the evolution of particle morphologies using X-ray and neutron
small-angle scattering, can provide major insights into the physics and chemistry of the suspension,
allowing various rheological properties to be optimized directly. Recently developed measurement
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capabilities at the NIST Center for Neutron Research (NCNR), and elsewhere, could present some
significant opportunities for advances in this area. %% Such studies would be particularly relevant for

materials research focused on optimizing ceramic “inks” for DIW.

The palette of commercial feedstock materials for ceramic AM remains limited and must be extended.
Many technologically promising functional ceramics, like some materials for solid-state batteries or RF
components, are unavailable for AM. For several application sectors, new feedstock options will need to
be developed for enabling AM to produce multi-material (e.g., combinations of metals, polymers, and
ceramics) and composite products. The development of raw materials must be tied to the details of the
given AM technology, including the post-processing steps involved, to facilitate fabrication of defect-free,

net-shape parts having controlled densities and microstructures.

Like feedstock, AM processes implemented in commercial equipment are frequently proprietary. This
complicates understanding of the variability often encountered even among parts produced using
nominally identical conditions. The same problem exists in metals AM, where it has been addressed by
developing standard test structures to enable meaningful comparisons of different methods and
machines. Ceramics AM would benefit from similar standards both for green parts and final post-
processed products. Questions remain whether such test structures could adopt the design employed for
metals AM or if new ceramics-specific artifacts must be developed. Meanwhile, much fundamental
research is still needed to elucidate the thermodynamics of the many AM processes of current interest,
including how the different component materials in composite systems will interact with each other

during AM-relevant transformation processes, as well as during any post-processing.

Measurement standards and test structures are also required to characterize the properties and
performance of AM-build parts adequately. For example, standard procedures for the determination of

mechanical properties in ceramics, like three-point flexure of rectangular bars, may not be representative
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of the complex shapes with variable cross-sectional dimensions produced by AM. However, the
applicability of standards devised for conventional ceramics to the characterization of ceramic AM
products must be critically assessed before the exact needs for any new measurement protocols can be
established. The mechanical properties of AM-produced complex-shaped green parts need to be
investigated from a fundamental viewpoint to determine the true effects of densification and shrinkage.
It is unlikely that characterization of relatively simple test cubes (the current practice) will suffice. A
curated property database for ceramic AM products, which would include all the metadata from feedstock
to build & post-processing steps to characterization methods, besides its overall value for the field, could
provide a useful basis for such an assessment. The possibility of establishing a standardized development
protocol for each of the various AM technologies could be considered, based on one or several success
stories that use each technology. Such an approach could save on development time as well as costs. In
this connection, it will be important to work with the appropriate committees of standards organizations
such as ASTM International and the ISO. As an example, a benchmarking effort in AM of both metals and
polymers, the so-called “AM-bench” project, is already being used to populate databases for these

material areas.®*

The main post-processing steps, such as debinding and sintering, remain understudied. Better
characterization of the fundamental physical and chemical phenomena that underlie the various
debinding processes, preferably in situ, would help to optimize their duration and minimize the associated
formation of cracks. The binder fraction within ceramics AM feedstock materials must frequently be
significantly higher than found in conventional ceramic processing and may represent = 50 % of the
feedstock solid-powder volume.®®> Methods for detecting cracks during the debinding are also highly
desired. The densification of parts with complex shapes requires dedicated studies as the optimal

conditions are likely to differ from those employed for conventionally manufactured parts.
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Because most commercially viable AM approaches generate green parts, for many applications the post-
build sintering is critical for AM to provide the required part performance at acceptable cost. The
emerging flash sintering and, possibly, cold sintering technologies are attractive for this purpose. Cold
sintering has the appeal of co-processing ceramics with metals or polymers. Further studies and
development of these methods in the context of applying them to complex-shape green parts are required
for their integration with AM. Much fundamental research is still needed to elucidate both phenomena

sufficiently for their incorporation into commercial-scale ceramics AM technologies.

Quality control, which today is typically performed via XCT, is widely regarded as a bottleneck because of
its cost and slow speed. The field would benefit from the availability of defect standards and best XCT
practices that would target the types of defects (porosity, bubbles, microcracks, etc.) typically
encountered in AM-built parts. The development of cost- and time-effective non-destructive techniques

is highly desired and would significantly reduce the barrier for commercialization of ceramics AM.

A major overarching problem that hinders the development of ceramics AM is the nearly complete lack
of modeling efforts, although some promising published results of modeling and simulations have
emerged recently.®*®® The community envisions modeling to benefit almost every aspect of the AM
process, from the selection of feedstock characteristics and build parameters to the optimization of
debinding and sintering schedules per a specific product. Development of computational approaches and
software tools, which would enable predictive simulations of a complete workflow even for a few selected
AM methods, like SLA or DIW, is perceived as a high priority. Given the diversity and complexity of
processes involved in ceramics AM, addressing this goal will require interdisciplinary efforts, focused on
each of the physical processes mentioned above. Eventually, the modeling methodology and the

software tools should be accessible by industry.

Concluding Summary & Outcome
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Ceramics AM is remarkably diverse as the choice of best processes and feedstock varies with applications.
As a result, this field is more fragmented than AM of polymers or metals. Nevertheless, besides
prototyping and art & design applications, two significant industrial areas exist where ceramics AM is
already making a measurable economic impact: customized complex biomedical /dental implants and
ceramic tooling for casting of metal-alloy turbine-engine and related components with highly tuned
geometries. Despite their diversity, all ceramics AM technologies share similar measurement needs for
standardized characterization, modeling, and curated databases. Below we use the input from the
workshop discussions to propose several paths forward. Many of these will only be successful if there are
integrated collaborative efforts involving industry, government agencies, and academia. Hence, we
submit that progress along these paths would be greatly accelerated through appropriately focused

proposal calls from the research funding agencies.

(i) Develop and demonstrate the computational capability to simulate and validate all processing
steps associated with any of the AM processes. If a university or government laboratory could
use such a capability to achieve a predictive understanding of even one AM process,
generating openly available results and model simulations, it would provide a reference case
from which future work could build.

(ii) Research the fundamental physical and chemical phenomena governing the thermodynamics
of ceramics AM feedstock materials, together with the kinetics associated with their
application in complete ceramics AM processing all the way to final parts.

(iii) Work with groups of interested stakeholders in multiple application areas to develop
databases for feedstock properties, AM build processes, as-built green-body material
properties, de-binding and sintering/densification characteristics & final-product properties.

Government agencies (such as NIST in the USA) could provide unbiased curation services for
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such databases. However, actual input would need to come from stakeholders in the field.
The first step should involve the evaluation of the already available resources.

(iv) Develop best-practice standards and certification protocols in connection with specific AM
methods and application areas. Following precedents in conventional manufacturing, this will
require groups of invested government agencies, industry, and university researchers to
engage with relevant committees of standards organizations such as ASTM International and
ISO. As with databases, an assessment of existing standards and protocols for their
applicability to ceramics AM processes and products is required before the need for new
standards can be determined. In this connection, the most relevant committees for additive
manufacturing have been ASTM Committee F42 on Additive Manufacturing and ISO/TC261
Additive Manufacturing. Nowadays, these two committees have merged and operate as one,
developing standards for AM across all materials classes.

(v) For well-defined niche commercial applications, define possible round-robin studies, followed
by NIST Standard Reference Material (SRM) (or similar) development in connection with
specific ceramics AM fabrication routes. (For a NIST SRM, a 5-year viability commercial case
would need to be established before proceeding.)

(vi) Establish ambitious research and development efforts to elucidate the post-build processing
steps, especially pyrolysis of preceramic resins, or (when pyrolysis is not used) the emerging
flash-sintering and cold-sintering technologies. In this connection, we note recently
published reviews that have specifically included how post-processing steps should be

integrated in the overall AM build.”®”*

As the next step, forming working groups and collaborative task forces focused on the evaluation of
databases, standards, and best practices is warranted. Likewise, it could be of significant importance to

hold biennial or triennial scientific and technical meetings dedicated to ceramics AM. These gatherings
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would review the global state-of-the art, together with national and international research directions for

moving the ceramics AM field forward.
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Table 1. Ceramics AM processing techniques, their characteristics, and current commercial applications.
(Based on material supplied by Cathleen Hoel, GE Global Research.)

AM Technique

Advantages

Disadvantages

Application
Industries

Materials extrusion:
{slurry in cartridge,
includes DIW®, fused
deposition modeling
(FDM), fused filament
formation (FFF)}

fast and cheap,

low waste,
material agnostic,
enclosed structures
acceptable

rough surface,
stresses in debinding
and sintering

art & design,
technical, medical,
electronics,
composites,
construction/cement

Material jetting:
includes NanoParticle
Jetting (XJet, Rehovot,
Israel)

soluble support material
for any non-closed design,
smooth surfaces,

high resolution,

material agnostic,

multiple materials possible

requires cleanout of
support material,
particle size <1 um

technical ceramics,
medical

Binder jetting:

no supports needed for
printing,

material agnostic,

porous green body for fast
debinding

excess powder
cleanup, particle size >
5 pm, may require
supports for sintering,
weak green body,
some roughness

sand casting molds,
medical,
niche-technical,
fast prototyping

Sheet lamination:
(laminated object
manufacturing, LOM)

fast and material agnostic,
can do closed surfaces

geometry limitations,
low lamellar adhesion,
rough surfaces,
nonrecyclable waste,
low resolution

technical ceramics,
composites, heat
exchangers

Vat polymerization:
{includes
stereolithography
(SLA), digital light
processing (DLP), &
lithography-based
manufacturing (LCM)}

smooth surfaces,
high resolution,

can use pre-ceramics,
complex geometries
possible

slow and expensive,
no strong UV
absorbing materials,
particles cause light
scattering,

more complex
rheology than for
polymers AM

technical ceramics,
cores & molds,
medical

Powder bed fusion:
{includes selective
laser melting (SLM)}

strong as-printed product,
no debinding or sintering,
complex geometries
possible

slow, some roughness,
residual porosity, high
temperature powder
bed, excess powder
cleanup, cracking due
to stresses

art & design, optics,
lighting, medical

Directed energy
deposition:

less heat and waste
compared to SLM, enclosed
structures,

curved surfaces OK,

no de-binding or sintering

high temperature
gradients, strong
cooling requirements,
rough surfaces,
limited geometries

art & design, optics,
lighting
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The term Direct Ink Writing (DIW) encompasses several AM methods that involve the extrusion
of slurries or pastes. These methods are derivatives of the robocasting process, which is also
considered to be a part of the DWI suite.?®
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Table 2. Energy applications of current interest.
(Based on material supplied by Beth Armstrong, Oak Ridge National Laboratory.)

Applications Technology Materials
Sustainable Nuclear and Fusion | Binder Jetting/CVI, Composites: SiC/SiC
Energy Development selective laser sintering (SLS) SiOoC/SiC

Energy Generation, Conversion | DIW SOFC, Li-ion/solid-state battery

and Storage materials

Sensors FDM Pb(Zr,Ti)Os, PbMg1/3Nby/303-
PbTiO3

Energy-related Industrial

Processes

Binder Jet/DLP,
Binder Jet/CVI/SLS/FDM

Shape-memory ceramics,
oxides/non-oxides for
turbines, blades, molds

gears,
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Figure 1. AM-built 20 % vol. SiC fiber CMC turbine engine components.°
Courtesy: Mike Halbig, NASA Glenn Research Center, Cleveland, OH.
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Figure 2. UV-DIW parts & their conversion to dense ceramic components via pyrolysis.
Courtesy: Matt Dickerson, Air Force Research Laboratory, Wright-Patterson AFB, OH.

Figure 3. Printed ceramic biomedical implants (ZrO;, SisNa).
Courtesy: Shawn Allan, Lithoz America, Troy, NY.

Copyright Lithoz GmbH (Vienna Austria), used with permission.
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Figure 4. Ceramic armor body-wear.
Courtesy: Lionel Vargaz-Gonzales, US Army Research Laboratory, Aberdeen, MD.

Figure 5. (lef) Particle-reinforced SiOC nozzle as printed from preceramic polymer. (middle) after
pyrolysis; (right) during testing.'* Courtesy: HRL Laboratories, LLC., Malibu, CA

Figure 6. AM-printed ceramic RF devices.
Courtesy Mark Mirotznik, University of Delaware, Newark, DE.
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Figure 7. Ceramics AM for sacrificial casting cores creating the cooling geometry in turbine blades
(Sources: left — Siemens, https://new.siemens.com/global/en/products/energy/power-generation/gas-
turbines/sgt-a05-ae.html#!/; right — Courtesy: Tom Wasley, MTC, Coventry, UK.)

Furnace

Figure 8. A schematic drawing of a common flash-sintering setup with a dog-bone-shaped sample. Local
heating is achieved by applying an electric field to the sample.
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P&T

Dissolution

water layer

Figure 9. Schematic of aqueous or fluid-mediated cold sintering process (temperature (T) < 300 °C
pressure (P) < 200 MPa pressure).
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List of Abbreviations

AIP
AM
cMC
CNC
cvi
DIW
DLP
FDA
FDM
FFF
SO
LCM
LOM
LTCC
uDLP
M
MRI
NIST
PCP
PEEK
RF
SLA
SLB
SLM
SLS
SOFC
SRM

UHTC

aerosol jet printing

additive manufacturing

ceramic matrix composite
Computer Numerical Control
chemical vapor infiltration

direct ink writing

digital light processing

Federal Drug Administration
fused deposition modeling

fused filament formation
International Standards Organization
lithography-based manufacturing
laminated object manufacturing
low-temperature-cofired-ceramic
micro digital light processing
molding injection

Magnetic Resonance Imaging
National Institute of Standards and Technology
preceramic polymer precursor
polyetheretherketone

radio frequency
stereolithography

selective laser burnout

selective laser melting

selective laser sintering

solid oxide fuel cell

standard reference material

ultra-high temperature ceramic
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ULT

UV-A

XCT

ultralow temperature
ultraviolet A

X-ray computer tomography

SUPPLEMENTARY INFORMATION FOLLOWS
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Workshop on
Materials Research & Measurement Needs for Ceramics Additive Manufacturing

NIST, Gaithersburg MD, USA, November 13-14, 2019
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Greg Hayes (EOS Inc., Austin, TX, USA)

Ceramic additive manufacturing enables rapid precision castings

Dan Sokol (REN Services Inc., Fairborn, OH, USA)
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Additive manufacturing of ceramics for aerospace applications
Mike Halbig (NASA Glenn Research Center, Cleveland, OH, USA)

Quantifying the properties required for direct ink writing of ceramic suspension:
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Indirect additive manufacturing of ceramics
David Bourell (University of Texas at Austin, Austin, TX, USA)

Manufacturing of functional ceramics: ongoing research progress and directions
Ryan Wicker (University of Texas at El Paso, El Paso, TX, USA)
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Igor Levin (Materials Measurement Science Division, NIST, Gaithersburg, MD, USA)
Cathleen Hoel (GE Global Research, Niskayuna, NY, USA)
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Matt Dickerson (Air Force Research Laboratory, Wright-Patterson Air Force Base, OH, USA)
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Adopting disruptive technologies —case of ceramic additive manufacturing
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Selected case studies in ceramic additive manufacturing
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Ceramic additive manufacturing: the UK road to technology adoption
Tom Wasley (Manufacturing Technology Centre (MTC), Coventry, UK)
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Advanced ceramic-based materials for tissue regeneration: at the Intersection of “traditional” additive
manufacturing & “bioprinting”
Adam Jakus (Dimension Inx LLC, Chicago, IL, USA)

Additive manufacturing of ceramic structures for electromagnetic applications
Mark Mirotznik (University of Delaware, Newark, DE, USA)

Ultralow sintering temperature ceramics for the fabrication of RF components through 3D printing
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